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IL-13, IL-4Ra, and Stat6 Are Required
for the Expulsion of the Gastrointestinal
Nematode Parasite Nippostrongylus brasiliensis
either parasite, disruption of the IL-4 gene or inhibition
of IL-4 with an antibody that blocks IL-4 receptor a chain
(IL-4Ra) function prevents worm expulsion, whereas
treatment with a long-acting formulation of IL-4 induces
worm expulsion in circumstances in which a chronic
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of the Health Sciences produce eggs that are excreted in the feces, and are
Bethesda, Maryland 20814 themselves expelled approximately 10 days after the
5Division of Immunology initiation of infection (Ogilvie and Hockley, 1968). Whereas
University of Cincinnati College of Medicine CD41 T cells are required for expulsion of this parasite
Cincinnati, Ohio 45267 (Katona et al., 1988), IL-4 is not. Expulsion of N. bra-
6Cincinnati Veterans Administration siliensis occurs normally in BALB/c mice treated with
Medical Center the same anti-IL-4 and anti-IL-4 receptor monoclonal
Cincinnati, Ohio 45220 antibodies (mAbs) that block protective immunity to H.
polygyrus, as well as in mice that lack a functional IL-4
gene (Madden et al, 1991; Kopf et al., 1993; Finkelman
Summary et al., 1997). In contrast, treatment with exogenous IL-4
can cure N. brasiliensis infection in anti-CD4 mAb-
Although IL-4 induces expulsion of thegastrointestinal treated BALB/c mice and in CB.17 severe combined
nematode parasite, Nippostrongylus brasiliensis, from immunodeficient mice, which would otherwise develop
immunodeficient mice, this parasite is expelled nor- a chronic infection (Urban et al., 1995). Furthermore,
mally by IL-4-deficient mice. This apparent paradox is treatment of N. brasiliensis-infected mice with IL-12,
explained by observations that IL-4 receptor a chain which stimulates type 1 cytokine responses and inhibits
(IL-4Ra)-deficient mice and Stat6-deficient mice fail type 2 responses, blocks worm expulsion (Finkelman et
to expel N. brasiliensis, and a specific antagonist for al., 1994). Taken together, these observations suggest
IL-13, another activator of Stat6 through IL-4Ra, pre-
that IL-4 produced by N. brasiliensis-infected mice ei-
vents worm expulsion. Thus, N. brasiliensis expulsion
ther provides a redundant defense against N. bra-
requires signaling via IL-4Ra and Stat6, and IL-13 may
siliensis or is insufficient to expel this parasite and thatbe more important than IL-4 as an inducer of the Stat6
the primary mechanism of host protection against N.signaling that leads to worm expulsion. Additional ob-
brasiliensis might be production of a type 2 cytokineservations made in the course of these experiments
other than IL-4.demonstrate that Stat6 signaling is not required for
In an attempt to discern whether the IL-4-independentIL-4 enhancement of IgG1 production and actually in-
and IL-4-induced mechanisms of N. brasiliensis expul-hibits IL-4-induction of mucosal mastocytosis.
sion might be related, we investigated the following:
first, the ability of mice that lack a functional gene forIntroduction
IL-4Ra (a polypeptide that constitutes part of the IL-4
and IL-13 receptors) (Mosley et al., 1989; Zurawski etStudies of the host±parasite relationship between mice
al., 1993, 1995; Obiri et al., 1995; Smerz-Bertling andand gastrointestinal nematode parasites have demon-
Duschl, 1995; Hilton et al., 1996) or Stat6 (a moleculestrated that interleukin-4 (IL-4) can have a central role
involved in IL-4 and IL-13 signal transduction) (Kohlerin host defense (Urban et al., 1991, 1995; Else et al.,
et al., 1994; Shimoda et al., 1996; Takeda et al., 1996a,1994; Finkelman et al., 1997), whereas interferon g (IFNg)
1996b) to expel this parasite; second, we investigated(and IL-12, through its inductionof IFNg and suppression
the effects on N. brasiliensis expulsion of treating normalof IL-4), exacerbates disease (Urban et al., 1993; Else
or IL-4-deficient mice with a soluble IL-13Ra2-humanet al., 1994; Finkelman et al., 1994). For some gastroin-
IgGFc fusion protein, which inhibits the binding of IL-testinal nematode parasites, such as Heligmosomoides
polygyrus and Trichuris muris, demonstration of this 13 to a receptor that is associated with IL-4Ra and
relationship has been relatively simple and direct (Urban can activate Stat6. Our observations demonstrate that
et al., 1991; Else et al., 1994). For mice infected with neither IL-4Ra- nor Stat6-deficient mice can expel N.
brasiliensis and that IL-13 may be more important than
IL-4 as an inducer of the Stat6 signaling pathway that7 To whom correspondence should be addressed (e-mail:ffinkelman
@mem.po.com). stimulates parasite expulsion.
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Figure 1. Stat6-Deficient Mice, but not IL-4-Deficient Mice, Fail to
Expel N. brasiliensis
Wild-type, Stat6-deficient, and C57BL/6.IL-4-deficient mice (5/
group) were inoculated subcutaneously with 500 N. brasiliensis L3.
Mice were sacrificed 15 days later, and numbers of adult worms/
mouse were determined. Means and standard errors are shown in
this and in subsequent figures.
Results
Stat6-Deficient Mice, but Not IL-4-Deficient Mice,
Fail to Expel N. brasiliensis
To determine whether Stat6-deficient mice differ from
wild-type and IL-4-deficient mice in their ability to expel
N. brasiliensis, mice of each type were inoculated with
N. brasiliensis L3 and sacrificed 15 days later. Adult N.
brasiliensis numbers were determined for each mouse. Figure 2. IL-4Ra Is Important for Expulsion of N. brasiliensis
Unlike normal and IL-4-deficient mice, which were de- (A) BALB/c.IL-4Ra-deficient mice (5 mice) and BALB/c.IL-4Ra-het-
erozygotes (4 mice) were inoculated subcutaneously with 500 N.void of adult worms, the intestines of Stat6-deficient
brasiliensis L3. Numbers of adult worms and worm eggs were deter-mice still contained large numbers of N. brasiliensis
mined 15 days later.adults (Figure 1).
(B) BALB/c wild-type and IL-4-deficient mice (5/group) were inocu-
lated subcutaneously with 500 N. brasiliensis L3 and were injected
IL-4Ra-Deficient Mice Fail to Expel N. brasiliensis intravenously with 5 mg of a blocking rat IgG2a anti-IL-4Ra mAb
Because Stat6 becomes associated with IL-4Ra when (m1) or an isotype-matched control mAb (GL117) on the same day
and 3, 6, and 9 days later. Numbers of adult worms and worm eggsthe IL-4R is ligated and this association is required for
were determined 11 days after L3 inoculation. Similar results wereStat6 activation, mice deficient in IL-4Ra would not be
obtained in a second experiment that used 3 mice/group, in whichexpected to expel N. brasiliensis. Contrary to this expec-
mice were sacrificed 14 days after L3 inoculation.tation, a mAb (m1) that blocks IL-4Ra function (Beck-
mann et al., 1990) has failed in earlier experiments to
inhibit N. brasiliensis expulsion, even though it blocked Antibody Responses to N. brasiliensis in IL-4-,
IL-4Ra-, and Stat6-Deficient Miceexpulsion of two other nematode parasites, H. polygyrus
and T. muris (Urban et al., 1991, 1995; Else et al., 1994; IgG1 antibodies bind to mouse mast cells and have the
potential to play a role in gastrointestinal worm ex-Finkelman et al., 1997). It remained possible, however,
that antibody inhibition of the IL-4R was incomplete in pulsion in mice by stimulating mast cell activation and
degranulation (Hirayama et al., 1982; Appleton andthese experiments, because IgE production, which is
IL-4-dependent in this system, was never totally blocked McGregor, 1987; Inagaki et al, 1988; Ahmad et al., 1991;
Lee et al., 1996; Miyajima et al., 1997). Because switch-(J. F. U. and F. D. F., unpublished data). Two studies
were performed to investigate this issue further. First, ing to IgG1 can be stimulated by IL-4 (Vitetta et al., 1985)
and IL-4-induced switching to IgG1 has been reportedthe ability of IL-4Ra-deficient mice to expel N. bra-
siliensis was characterized. Even though these mice to be defective in Stat6-deficient mice (Berton et al.,
1997), it seemed likely that IgG1 responses to N. bra-have thesame geneticbackground (BALB/c) as themice
that were used for studies with anti-IL-4Ra mAb, fecund siliensis would be decreased in Stat6-deficient mice and
possible that this putative decrease would contribute to(egg-producing) N. brasiliensis adults were still found in
the small intestines of the deficient mice 15 days after the failure of Stat6-deficient mice toexpel N. brasiliensis.
Analysis of IgG1 and IgG2 antibody responses duringworm inoculation (Figure2A). Second, because antibody
inhibition of the IL-4R might be more effective when the primary N. brasiliensis infections refuted this possibility.
Wild-type and IL-4-deficient mice, which expel N. bra-quantity of ligand for this receptor is limiting, we tested
the ability of anti-IL-4Ra mAb to block N. brasiliensis siliensis rapidly, both made barely detectable IgG1 and
IgG2 antibody responses to N. brasiliensis during a pri-expulsion in IL-4-deficient mice. A dose of this mAb
that fails to block worm expulsion in wild-type mice mary infection (Figure 3). In contrast, Stat6-deficient and
IL-4Ra-deficient mice, which fail to expel N. brasiliensis(Finkelman et al., 1997) effectively inhibited worm expul-
sion in IL-4-deficient mice (Figure 2B). Thus, IL-4Ra is during a primary infection, made substantial antibody
responses. However, the antibody isotypes made byrequired for expulsion of N. brasiliensis, and previous
studies that suggested otherwise probably reflected in- these two strains differ; IL-4Ra-deficient mice made
a substantial IgG2 but no detectable IgG1 response,complete blocking of this receptor chain.
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Figure 4. Increased IFNg Production IsNot Responsible for the Fail-
ure of Stat6-Deficient Mice to Expel N. brasiliensis
Figure 3. IgG1 and IgG2 Antibody Production in Mice Infected with Wild-type or Stat6-deficient mice (5/group) were inoculated subcu-
N. brasiliensis taneously with 500 N. brasiliensis L3. Mice were also injected intra-
Wild-type, Stat6-deficient, IL-4-deficient, and IL-4Ra-deficient and venously with 1 mg of a neutralizing rat IgG1 anti-IFNg mAb (XMG-6)
IL-4Ra heterozygous mice (4±5/group) were inoculated subcutane- or an isotype-matched control mAb (GL113) on the day of and 7
ously with 500 N. brasiliensis L3 and bled 15 days later. Serum IgG1 days after worm inoculation. Adult worm numbers, worm fecundity,
and IgG2 anti-N. brasiliensis antibody levels and total serum IgE blood eosinophil counts, and intestinal mucosal mast cell numbers
levels were determined by ELISA. Geometric means and standard were determined 13 days after inoculation.
errors are shown.
brasiliensis third-stage larvae, injected weekly with anti-
IFNg mAb or an isotype-matched control mAb, and sac-
whereas Stat6-deficient mice made substantial IgG1 rificed 13 days after inoculation. Anti-IFNg mAb treat-
and IgG2 responses. As previously reported, neither the ment did not enable Stat6-deficient mice to expel N.
IL-4- nor Stat6-deficient mice made detectable serum brasiliensis adults or to decrease their fecundity, al-
IgE responses to infection with N. brasiliensis (Figure though it increased the already elevated blood eosino-
3). Thus, in addition to being unnecessary, an IgG1 anti- phil numbers in both the wild-type and Stat6-deficient
N. brasiliensis antibody response is insufficient to in- mice (Figure 4). Thus, increased IFNg production or in-
duce worm expulsion. Furthermore, the different isotype creased sensitivity to IFNg is not responsible for the
responses made by the chronically infected IL-4Ra-defi- failure of Stat6-deficient mice to expel N. brasiliensis.
cient and the Stat6-deficient mice suggest that IL-4Ra-
mediated signaling is able to stimulate IgG1 production Exogenous IL-4 Does Not Induce N. brasiliensis
through a Stat6-independent mechanism. Expulsion in Stat6-Deficient Mice
Although the previous experiments established that
Stat6 is required to allow expulsion of N. brasiliensis,
Increased IFNg Production Is Not Responsible they left open the possibility that Stat6 signaling is re-
for the Failure of Stat6-Deficient quired to stimulate T cells to produce a cytokine that
Mice to Expel N. brasiliensis mediates worm expulsion, such as IL-4, as opposed to
The high IgG2 anti-N. brasiliensis antibody levels in being involved more directly in the signaling that leads
worm-infected Stat6 mice suggested that IFNg, which to worm expulsion. To evaluate this possibility, wild-
enhances isotype switching to IgG2a, might be pro- type and Stat6-deficient mice were treated with anti-
duced in increased quantity in N. brasiliensis-infected CD4 mAb and inoculated with N. brasiliensis. The Stat6-
Stat6-deficient mice. Because IFNg can delay N. bra- deficient mice and one group of wild-type mice were
siliensis expulsion, an experiment was performed to treated 6, 9, and 12 days after worm inoculation with
evaluate whether IFNg might be responsible for the fail- IL-4 in the form of IL-4/anti-IL-4 mAb complexes, which
ure of Stat6-deficient mice to expel this parasite. Stat6- have a considerably greater in vivo half-life than uncom-
plexed IL-4 (Finkelman et al., 1993). When sacrificeddeficient and wild-type mice were inoculated with N.
Immunity
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mAb and IL-4 (Figure 5A). These differences might result
either from the more prolonged infection in Stat6-defi-
cient mice, as compared to similarly treated wild-type
mice, or from stronger IL-4 stimulation of mucosal mas-
tocytosis in Stat6-deficient mice. To differentiate be-
tween these two possibilities, we determined the effects
on intestinal mucosal mast cell number of treating unin-
fected wild-type or Stat6-deficient mice with IL-4C. Al-
though this treatment considerably increased mucosal
mast cell number in both groups of mice, a much larger
increase was observed in the Stat6-deficient mice (Fig-
ure 5B). Thus, signaling through Stat6 seems to sup-
press IL-4 induction of mucosal mastocytosis.
sIL-13Ra2-Fc Inhibits N. brasiliensis Expulsion
The results of these experiments demonstrated that liga-
tion of IL-4Ra and signaling through Stat6 is required
for immune-mediated expulsion of N. brasiliensis and
strongly suggested that ligation of IL-4Ra by a molecule
other than IL-4 can induce expulsion. Because IL-13,
like IL-4, is a ligand for a receptor that contains IL-
4Ra and can activate Stat6 (Zurawski et al., 1993, 1995;
Kohler et al., 1994; Murata et al., 1995; Hilton et al., 1996;
Kaplan et al., 1996; Shimoda et al., 1996; Takeda et al.,
1996a, 1996b), we examined whether neutralization of
IL-13 would inhibit protective immunity to N. brasiliensisFigure 5. Exogenous IL-4 Stimulates Intestinal Mucosal Masto-
in either wild-type or IL-4-deficient mice. Mice of bothcytosis but Does Not Induce N. brasiliensis Expulsion in Stat6-Defi-
strains were infected with N. brasiliensis and treatedcient Mice
with either a soluble IL-13Ra2-Fc fusion protein that neu-(A) (C57BL/6 3 129)F2 wild-type and Stat6-deficient mice (5/group)
were inoculated with 500 N. brasiliensis L3 and injected intrave- tralizes IL-13 or, as a control, with human IgG. While
nously with 1 mg of a depleting rat IgG2b anti-CD4 mAb (GK1.5) on sIL-13Ra2-Fc was administered every second day to
the day of and 7 and 14 days after worm inoculation. The Stat6- mice, human IgG was administered every fourth day
deficient mice and one group of the wild-type mice were injected because it has a considerably longer in vivo half-life. To
intravenously 6, 9, and 12 days after worm inoculation with 10 mg
make this study as sensitive as possible to differencesof IL-4 mixed with 50 mg of anti-IL-4 mAb (11B11). Mice were sacri-
in worm survival and fecundity in the different groupsficed 16 days after worm inoculation, and adult worm number, worm
egg number, and intestinal mucosal mast cell number (mucosal of mice, the course of infection in all mice was followed
mast cells/50 microscopic high power fields) were determined. by performing daily fecal egg counts, and all mice were
(B) Wild-type and Stat6-deficient mice (5/group) were injected intra- sacrificed 1 day after eggs were no longer observed in
venously with saline or with IL-4C (composed of 10 mg of IL-4 and the feces of control antibody-treated wild-type mice. At
50 mg of 11B11 anti-IL-4 mAb) on days 0, 3, and 7. Mice were
the time of sacrifice, control antibody-treated wild-typesacrificed 10 days after the first IL-4C injection and intestinal muco-
mice were almost devoid of adult worms, and these weresal mast cell number was determined.
no longer producing eggs (Figure 6). Control antibody-
treated IL-4-deficient mice had small numbers of worms
16 days after worm inoculation, few adult worms were that were producing relatively small numbers of eggs.
present in the anti-CD4 mAb-injected wild-type mice The remaining worm burden was considerably larger
that were treated with IL-4, whereas considerable num- and egg production somewhat greater in sIL-13Ra2-
bers of fecund adult worms were still present in the Fc-treatedwild-type mice, and sIL-13Ra2-Fc-treated, IL-
intestines of anti-CD4 mAb-injected wild-type mice that 4-deficient mice had large numbers of worms that pro-
did not receive IL-4, as well as in the IL-4-treated Stat6- duced large numbers of eggs. Culture of mesenteric
deficient mice (Figure 5A). The failure of IL-4, in a quan- lymph node CD41 T cells from all groups of mice in this
tity sufficient to induce worm expulsion in CD41 T cell- study with anti-CD3 mAb caused little production of
deficient wild-type mice, to induce worm expulsion in IFNg, although considerable IL-4 was produced by CD41
Stat6-deficient mice suggests that Stat6 signaling is in- T cells from worm-infected, wild-type mice, but not
volved in worm expulsion in ways other than induction from uninfected wild-type or infected IL-4-deficient mice
of cytokine production by CD41 T cells. (data not shown). Thus, it is unlikely that the absence
Studies performed as part of this experiment and the of IL-4 or IL-13 stimulation prevented worm expulsion
previous experiment also suggested that Stat6 has in- by stimulating a large IFNg response.
hibitory effects on the induction of mucosal masto- To determine whether wild-type mice in which IL-13
cytosis. N. brasiliensis-infected, Stat6-deficient mice had been neutralized would eventually expel the para-
had more intestinal mucosal mast cells than did N. bra- site, a second experiment was performed in which N.
siliensis-infected wild-type mice (Figure 4). Similar find- brasiliensis-infected, C57BL/6 wild-type and IL-4-defi-
ings were observed when N. brasiliensis-infected Stat6- cient mice were treated with control human IgG or sIL-
13Ra2-Fc for an additional 3 days beyond the time thatdeficient and wild-type mice were treated with anti-CD4
IL-4Ra and Stat6 Mediate GI Worm Expulsion
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Figure 7. Secretion of IL-4 and IL-13 by N. brasilensis-Inoculated
Wild-Type and IL-4-Deficient Mice
BALB/c wild-type and IL-4-deficient mice (5/group) were inoculatedFigure 6. sIL-13Ra2-Fc Inhibits N. brasiliensis Expulsion and En-
subcutaneously with 500 N. brasiliensis third-stage larvae on dayhances Worm Fecundity in C57BL/6 Wild-Type and IL-4-Deficient
0. All mice were injected intravenously with 10 mg of biotin-labeledMice
anti-IL-4 mAb (1D11.2) and with 10 mg of biotin-labeled sIL-13Ra2-Wild-type and IL-4-deficient mice (5/group) were inoculated subcu- Fc fusion protein on days 0, 7, and 10, and they were bled 2 hr after
taneously with 500 of N. brasiliensis third-stage larvae. Starting 2 each injection. Serum levels of IL-4/biotin-anti-IL-4 mAb complex
days later, mice were injected intraperitoneally with 2 mg of sIL- and IL-13/biotin-sIL-13Ra2 complex were determinedby ELISA. Lev-13Ra2-Fc every 2 days or 2 mg of human IgG every 4 days. Mice els of captured IL-4 and IL-13 are shown for each serum. Points for
were monitored by stool egg examinations and were sacrificed 12 several sera are superimposed at the origin.
days after worm inoculation, at which time numbers of adult worms
and eggs per mouse were determined.
at the time of worm inoculation (Figure 7). Captured IL-4
levels rose to 5,270 pg/ml and 5,660 pg/ml, respectively,
7 and 10 days after infection in wild-type mice but re-egg production had ceased in control antibody-treated
mained undetectable in IL-4-deficient mice. Capturedwild-type mice. At the time of sacrifice (15 days after
IL-13 was detectable in 2 of 5 wild-type mice and 2 ofworm inoculation), no worms or eggs were found in
5 IL-4-deficient mice 7 days after infection (mean values:either wild-type or IL-4-deficient mice that had been
180 pg/ml and 120 pg/ml, respectively) and in 3 of 5treated with control human IgG antibody. Surprisingly,
wild type mice and 4 of 5 IL-4-deficient mice 10 dayssIL-13Ra2-Fc-treated wild-type mice still had fecund
after infection (mean values: 62 pg/ml and 264 pg/ml,adult worms in their intestines at the time of sacrifice,
respectively). To confirm these results, using a differentalthough they contained fewer eggs per worm (14 6 6)
technique, we used a competitive reverse transcriptase-than worms in sIL-13Ra2-Fc-treated IL-4-deficient mice
polymerase chain reaction (PCR) assay to measure(43 6 9).
changes in IL-4 and IL-13 mRNA 10 days after BALB/c
and BALB/c.IL-4-deficient mice had been inoculated
with N. brasiliensis. All wild-type mice and 2 of 3 IL-IL-13 Is Produced in N. brasiliensis-Inoculated
IL-4-Deficient Mice 4-deficient mice had expelled N. brasiliensis adults at
this time. Five- to seven-fold increases in IL-4 mRNAIL-13 can only contribute to the expulsion of N. bra-
siliensis by infected mice if these mice produce IL-13. levels and 12- to 28-fold increases in IL-13 mRNA levels
had occurred at this time in infected wild-type mice,However, because IL-4 stimulates T cells to secrete type
2 cytokines, production of type 2 cytokines, including as compared to a single uninfected wild-type mouse,
whereas 1- to 37-fold increases in IL-13 mRNA levelsIL-13, might be suppressed in IL-4-deficient mice, yet
these mice retain the ability to expel N. brasiliensis. To had occured in IL-4-deficient mice (IL-4 mRNA was un-
detectable in these mice). Although we are not confidentdetermine whether IL-4-deficient mice produce IL-13 in
response to a N. brasiliensis infection, we used a new that these observations can be used to compare IL-4
with IL-13 responses, they indicate that N. brasiliensistechnique, theCincinnati cytokine capture assay(CCCA;
see Experimental Procedures) to sample in vivo IL-4 infection can stimulate as great an IL-13 response in IL-
4-deficient mice as in wild-type mice.and IL-13 production in 5 wild-type and 5 IL-4-deficient
BALB/c mice at the time of and 7 and 10 days after
N. brasiliensis inoculation. As currently performed, this Discussion
assay can detect approximately 50 pg/ml of IL-4 or IL-13
that has been ªcapturedº and protected from excretion, Our observations extend understanding of host defense
against gastrointestinal helminth parasites by demon-use, and catabolism by injection of a biotin-labeled neu-
tralizing anti-IL-4 mAb or sIL-13Ra2-Fc fusion protein, strating that an IL-4-related stimulus is required for host
protection against N. brasiliensis and that Stat6 signal-respectively. It is approximately eight times more effec-
tive at capturing injected IL-4 than at capturing injected ing is required for IL-4-mediated protection against
some pathogens. In addition, our observations demon-IL-13. IL-4 was undetectable with this assay in all mice
and IL-13 barely detectable in only 1 of 5 wild-type mice strate that IL-4 contributes to protective immunity
Immunity
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against N. brasiliensis. Our observations and a prelimi- additional evidence that a novel mechanism is probably
primarily responsible for N. brasiliensis expulsion. Al-nary report of studies with T. muris (Bancroft and
Grencis, 1997) also demonstrate that IL-13 has a role in though both the IL-4R and IL-13R include the IL-4Ra
chain, which mediates Stat6 and IRS-2 signaling (Zuraw-protective immunity, and our studies provide evidence
that IL-13 may, in fact, have a more important role than ski et al., 1993; Kohler et al., 1994; Keegan et al., 1995;
Obiri et al., 1995; Smerz-Bertling and Duschl, 1995; SunIL-4 in host protection against at least some parasites. A
recent study that describes the failure of N. brasilensis- et al., 1995; Wang et al., 1995), IL-13 binding and signal-
ing require the presence of a second polypeptide chain,infected, IL-13-deficient mice to expel N. brasiliensis is
consistent with this last observation (Mckenzie et al., IL-13Ra1 (Obiri et al., 1995; Zurawski et al., 1995). Be-
cause the complete IL-13R is not expressed by mouseunpublished data). These novel observations suggest
that IL-4-related signaling is of primary and general im- B cells or T cells (Zurawski and de Vries, 1994a, 1994b),
IL-13 inductionof worm expulsion cannot involve signal-portance in host defense against gastrointestinal nema-
tode parasites and demonstrate that the effector phase ing of these cells types and must involve signaling of
cells that lack specific antigen receptors but expressof most important host defense against N. brasiliensis
works independently of the specific immune system, IL-13R, such as gut epithelial cells (Zund et al., 1996).
Thus, the involvement of CD41 T cells in N. brasiliensismast cells, and eosinophils. They also suggest that IL-
13 is not merely a redundant cytokine but has a special expulsion (Katona et al., 1988) is probably limited to the
production of the cytokines that induce expulsion.niche in host defense.
IL-4-Related Signaling as the Primary Host The Role of IL-13 in Host Defense
Because IL-4 and IL-13 both induce Stat6 signalingDefense against Gastrointestinal
Nematode Parasites (Kohler et al., 1994; Keegan et al., 1995), which is essen-
tial for cytokine-induced N. brasiliensis expulsion, andPrevious studies have demonstrated the importance of
endogenously produced IL-4 in host defense against because IL-13 has no known effects that are not shared
by IL-4, we were surprised to find that IL-13 may be moresome gastrointestinal parasites, such as H. polygyrus,
T. muris, and T. spiralis (Urban et al., 1991; Else et al., important than IL-4 in the induction of N. brasiliensis
expulsion. Differences in the amounts of IL-4 and IL-131994; Urban et al., 1995; Finkelman et al., 1997). The
observation that IL-4-deficient mice expel N. brasiliensis produced, the amounts of IL-4R and IL-13R expressed
by gut cells, the affinities of these receptors for IL-4 andnormally, however, suggested that the primary mecha-
nisms responsible for worm expulsion might differ from IL-13, and the possible presence of additional signaling
pathways that may be mediated by the IL-13Ra1 chainworm to worm; that is, IL-4 and IL-4-related signaling
might be only one of multiple immune stimuli that induce of the IL-13R could be responsible for the larger role
played by IL-13 than IL-4 in worm expulsion. Additionalgastrointestinal worm expulsion. Our observation that
IL-4-related signaling is required to expel N. brasiliensis studies are required to investigate these possibilities,
to determine whether IL-4 can induce N. brasiliensiseven when IL-4 is not required refutes this argument
and suggests that IL-4-related signaling has a primary expulsion in the absence of IL-13, and to determine
whether IL-13 has a prominent role in host defenseand general role in host protection against gastrointesti-
nal nematodes. Studies of mice infected with additional against gastrointestinal nematode parasites other than
N. brasiliensis and T. muris.gastrointestinal helminth species are needed to test this
new hypothesis.
IL-4 Signaling Pathways and Antibody Responses
In addition to revealing the roles of Stat6 and IL-13 inMechanisms of IL-4 Signaling±Induced
Worm Expulsion controlling gastrointestinal worm infections, our ob-
servations with N. brasiliensis-infected, Stat6-deficientPrevious studies demonstrated that B cells, T cells, mast
cells, and eosinophils are not required for large doses mice provide new information about the relationship of
IL-4 signaling pathways to the induction of antibody andof IL-4 to induce immunodeficient mice to expel N. bra-
siliensis (Urban et al., 1995; Finkelman et al., 1997) but inflammatory cell responses. Ligation of the IL-4R is
known to stimulate activation of IRS-2 (4PS) as well asdid not determine whether these cells participate in
ªspontaneousº worm expulsion by immunocompetent Stat6 (Keegan et al., 1995; Sun et al., 1995; Wang et al.,
1995). IRS-2 activation has been linked predominantlymice. Our studies with Stat6-deficientmice demonstrate
that worm-specific IgG1 antibody, intestinal mastocyto- to stimulation of proliferation, whereas Stat6 activation
has been linked predominantly to differentiation eventssis, and eosinophilia, which all develop normally or to
an increased extent in these mice, are together unable (Ryan et al., 1996; Shimoda et al., 1996; Takeda et al.,
1996a, 1996b). The high IgG1 response that is found into induce worm expulsion. Because IgG1 antibodies
mediate mouse mast cell and eosinophil degranulation N. brasiliensis-infected Stat6-deficient mice, but not in
IL-4-deficient mice, however, suggests that IL-4 can(Jones et al., 1994; Lee et al., 1996; Miyajima et al.,
1997), these observations demonstrate that antibody- contribute to the generation of an IgG1 response in the
absence of Stat6, whereas the high IgG2a response inmediated eosinophil- and mast cell±related mecha-
nisms are insufficient as well as unnecessary for host N. brasiliensis-infected Stat6-deficient mice suggests
that Stat6 signaling is probably involved in inhibition ofdefense against N. brasiliensis.
Our observation that IL-13 may be more important IgG2a production by IL-4. It is unlikely that the increased
IgG1 response in Stat6-deficient mice merely reflectsthan IL-4 for the induction of worm expulsion provides
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greater immune stimulation associated with prolonga- have mast cell±staining characteristics in the absence
of Stat6.tion of the N. brasiliensis infection and is unrelated to
IL-4 signaling, because N. brasiliensis-infected IL-4Ra-
deficient mice also have a prolonged primary infection
Experimental Proceduresfollowing N. brasiliensis inoculation but produce little or
no IgG1 anti-N. brasiliensis antibody. In addition, Stat6-
Mice
deficient mice have been reported to make a quantita- BALB/c female mice and athymic nude male mice were purchased
tively normal IgG1 response to another inducer of IL-4 from the Small Animals Division of the National Cancer Institute.
production (anti-IgD antibody), whereas IL-4-deficient IL-4-deficient mice (Kuhn et al., 1991) that had been bred onto a
C57BL/6 background were obtained from Jackson Labs, Bar Har-mice only make approximately 10% of the normal re-
bor, ME and were bred at the Cincinnati Veterans Affairs Medicalsponse (Kopf et al., 1993; Kaplan et al., 1996; Shimoda
Center (VAMC); IL-4-deficient mice generated from BALB/c embry-et al., 1996, Takeda et al., 1996a, 1996b). On the other
onic stem cells were produced as described (Noben-Trauth et al.,
hand, it is likely that the prolonged primary infection 1996). The production of IL-4Ra-deficient mice has recently been
associated with N. brasiliensis infection in Stat6-defi- described (Noben-Trauth et al., 1997). Both BALB/c.IL-4-deficient
cient mice contributes to the size of the IgG1 anti-N. mice and BALB/c.IL-4Ra-deficient mice were bred at National Insti-
tutes of Health. Stat6-deficient mice (on a mixed C57BL/6 3 129brasiliensis response made by these mice. Takeda et
background) and strain-matched wild-type mice were produced asal. (1996a) reported that total serum IgG1 responses
described (Shimoda et al., 1996) and bred at the Cincinnati VAMC.were greatly reduced in N. brasiliensis-infected Stat6-
deficient, as compared to wild-type mice. We suspect
that the difference between our observations and those Antibodies
The following antibodies were produced as ascites in Pristane-of Takeda et al. is accounted for by our use of a mouse-
primed athymic nude mice and purified by (NH4)2SO4 salt precipita-adapted strain of N. brasiliensis, which is not expelled
tion and DE-52 (Whatmann) ion exchange chromatography: EM-95in the absence of an appropriate immune response,
(rat IgG2a anti-mouse IgE) (Baniyash and Eshhar, 1984), RIE4 (a rat
whereas Takeda used a nonmouse adapted strain, IgG2a anti-mouse IgE that binds an epitope distinct from that bound
which is expelled even in immune-deficient mice before by EM-95) (Kehry and Yamashita, 1989), m1 (rat IgG2a anti-mouse
it matures. Further studies are needed to rule out the IL-4Ra) (Beckmann et al., 1990), GL117 (rat IgG2a anti-E. coli
b-galactosidase, used as a control for m1) (Urban et al., 1991), GK1.5possibility that differences in the responses made by
(rat IgG2b anti-CD4) (Wilde et al., 1983), XMG-6 (rat IgG1 anti-mouseStat6-deficient and IL-4Ra-deficient mice may result
IFNg) (Cherwinski et al., 1987), GL113 (rat IgG1 anti-E. coli b-galac-from differences in their background strains and to rec-
tosidase, used as a control for XMG-6). Rabbit anti-mouse IgG1 and
oncile our observations with a recent report that Stat6 IgG2 antibodies were produced and affinity-purified (Finkelman et
is involved in IL-4-induced isotype switching to IgG1 al., 1982). Goat anti-rabbit IgG was affinity-purified from antisera
(Berton et al., 1997). It seems likely to us, however, that was a generous gift of Dr. Ellen Vitetta (Dallas, TX). Some anti-
bodies were biotinylated or conjugated with alkaline phosphatase.that both Stat6-dependent and Stat6-independent IL-4
Alkaline phosphatase conjugated to streptavidin was purchasedsignaling can contribute to the generation of an IgG1
from Jackson Immunoresearch Labs (West Grove, PA).response and that increasing the intensity of immune
stimulation by prolonging infection more than compen-
sates for the absence of Stat6-dependent signaling in Soluble IL-13 Receptor a2-Fc Fusion Protein
(sIL-13Ra2-Fc)stimulating IgG1 production.
The human IL-13Ra2 polypeptide has been cloned by Caput et al.
(1996) and at the Genetics Institute, and the mouse homolog of this
polypeptide has been cloned at Genetics Institute. A pED expressionStat6 as an Inhibitor of Mastocytosis
vector containing DNA encoding the murine sIL-13Ra2-Fc extracel-Another unexpected result of our studies is the observa-
lular domain (D. D. D., unpublished data), fused in frame to the hinge
tion that IL-4 induction of intestinal mucosal masto- CH2/CH3 regions of human IgG1, was transfected into CHO cells
cytosis is actually enhanced in Stat6-deficient mice. This (Kaufman, 1990). Transfected CHO cells were grown in serum-free
medium, and culture supernatants that contained secreted sIL-suggests both that IRS-2-mediated signaling is respon-
13Ra2-Fcwere filtered through a MilliporeMillidisk and concentratedsible for IL-4 induction of mucosal mastocytosis and
20-fold with a Millipore Pellicon 30,000 molecular weight cut-offthat at least some IL-4-mediated effects are down-regu-
membrane, then absorbed to rProtein A-Sepharose that had beenlated by signaling through Stat6. The former conclusion
equilibrated with phosphate-buffered saline (PBS) (pH 7.4), washed
is consistent with the previously observed stimulation with PBS, and eluted with 20 mM citrate, 0.2 M NaCl (pH 3.0). The
of mast cell proliferation by IL-9 (which stimulates IRS- eluate was neutralized to pH 7.5 with an equal volume of 0.2 M
potassium phosphate (pH 8.0) and was formulated into PBS (pH2-, but not Stat6-dependent, signaling) (Demoulin et al.,
7.3) using an Amicon stirred cell with a YM30 membrane. The final1996), whereas the latter conclusion is compatible with
product was 95% pure by SDS-polyacrylamide gel electrophoresisthe possibilities that Stat6 signaling limits IL-4R expres-
analysis and had a concentration of 3.0 mg/ml (determined usingsion, IRS-2 signaling, or mucosal mast cell proliferation.
A280 and a theoretical extinction coefficient of 1.93 ml´mg21´cm21).
This last possibility is consistent with the observation Endotoxin contamination was less than 2 EU/mg, as determined
that signaling through a chimeric receptor that contains with the Cape Cod Associates LAL assay (Woods Hole, MA). The
in vitro ID50, as determined by ability to neutralize 3 ng/ml of murinethe cytoplasmic IL-4Ra domain associated with IRS-2
IL-13 in theB9 proliferation assay (He et al., 1995) was approximatelyphosphorylation, but not the domain associated with
10 ng/ml. Human IgG, which was used as a control for sIL-13Ra2-Stat6 binding, is more mitogenic than signaling through
Fc, was affinity-purified by rProtein A-Sepharose chromatography,a chimeric receptor that contains both IL-4Ra cyto-
as described for sIL-13Ra2-Fc, from a 10% solution of human im-
plasmic domains (Wang et al, 1996). It is also possible mune globulin that is commercially available for intravenous admin-
that Stat6 signaling stimulates mast cell degranulation istration (Miles). The final preparation had an endotoxin concentra-
tion of less than 0.4 EU/mg.so that more mast cells would retain their granules and
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Antibody Determinations Secreted IL-13 was detected by a similar technique. Mice were
injected with 10 mg of biotin-labeled sIL-13Ra2-Fc to capture se-IgG1 and IgG2 (including IgG2a and IgG2b) anti-N. brasiliensis anti-
bodies were titered by ELISA. N. brasiliensis antigen was prepared creted IL-13, and microtiter plate wells were coated with affinity-
purified goat anti-mouse IL-13R antibody (2 mg/ml, R&D Products,from adult worms obtained 7 days after inoculating third-stage lar-
vae intoBALB/c mice. Worms were isolated by the Baermann proce- Minneapolis, MN). Recombinant mouse IL-13 (1 ng/ml, R&D) that
was preincubated with biotin-sIL-13Ra2-Fc was used as a standard.dure, washed several times in RPMI 1640 containing 100 U/ml peni-
cillin, 100 mg/ml streptomycin, 2.5 mg/ml gentamicin, and 10 mg/ml This assay had a lower limit of sensitivity of 5±60 pg/ml in different
runs. When mice were injected intravenously with 10 mg each ofFungazone, and incubated for 10 days in 24-well culture plates at
100±200 worms/well. Culture fluids were collected every other day biotin-BVD4.1D11.2 and biotin-sIL-13Ra2-Fc, 10 ng each of IL-4 and
IL-13 intraperitoneally 30 min later, and bled 90 min after that, theirand concentrated 50- to 100-fold with a 10,000 MW cut-off Amicon
membrane. Wells of Immunon II microtiter plates (Dynatech, Chan- serum IL-4 concentration was determined to be 5,360 pg/ml and
their serum IL-13 concentration was determined to be 694 pg/ml.tilly, VA) were coated with this secretory-excretory antigen and
blocked with skim milk. Sequential addition of mouse sera (starting Thus, CCCA, as currently performed, is approximately eight times
as efficient at detecting IL-4 as detecting IL-13.with a 1:10 dilution), rabbit anti-IgG1 or anti-IgG2a antibody, alka-
line-phosphatase labeled goat anti-rabbit IgG antibody, and sub-
strate, followed by spectrophotometric quantitation of dephosphor- Quantitation of IL-4 and IL-13 Gene Expression
ylated substrate with a Labsystems Multiskan MS ELISA reader Mesenteric lymph nodes removed 10 days after N. brasiliensis inoc-
(Helsinki, Finland) were performed as previously described. Quanti- ulation were homogenized in RNAzol (Biotecx), and 5 mg of RNA
tation of total serum IgE was also performed by ELISA, using purified was reverse transcribed (Novagen). Quantitative competitive PCR
SPE-iv-7 (mouse IgE anti-DNP) (Eshhar et al., 1980) as a standard. was performed using the plasmid pMus3 and primer sequences
provided by David Shire, Sanofi Research, France. Fold increases
in IL-13 and IL-4 mRNA were determined by comparing the ratiosParasite Inoculation and Quantitation
of cDNA:pMus3 band intensities of PCR products of RNA derivedThe preparation of N. brasiliensis third-stage larvae (L3), the subcu-
from N. brasiliensis-inoculated oruninoculated mice after 35 amplifi-taneous inoculation of mice with 500 of these larvae, and the deter-
cation cycles. All values were standardized to b2-microglobulinmination of adult worm numbers and egg production were per-
mRNA values that were also determined by RT-PCR. PCR productsformed as described (Katona et al., 1983). Mice were sacrificed
generated from pMus3 migrate at 400 bp, and IL-13 cDNA products12±16 days after L3 inoculation.
migrate between 213 and 223 base pairs. Two hundred nanograms
of input cDNA was amplified for IL-4 and IL-13 reactions, and 10Quantitation of Blood Eosinophilia and Mucosal Mastocytosis
ng of input cDNA was amplified for b2-microglobulin reactions.Determination of blood eosinophil numbers and mucosal mast cell
numbers in the jejunum of uninfected and N. brasiliensis-infected
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